Objective: Coronary heart disease (CHD) is the primary cause of death among US firefighters during fire suppression. In other populations, exposure to respirable particles, including ultrafine particles, has been widely implicated as a risk factor for CHD. This study is the first to report detailed characterization of respirable particles released by combustion of an automobile and model residential structures under firefighter exposure conditions. Methods: Characterization was performed when feasible during knockdown and routinely during overhaul. Results: Ultrafines accounted for Ͼ70% of particles in all fire suppression stages, occurring in concentrations exceeding background by factors between 2 (automobile) and 400 (bedroom), consistent among all structures. Conclusions: Exposure to ultrafine particles during fire suppression should be considered a potential contributing factor for CHD in firefighters. Of major significance is their predominance during overhaul, where firefighters frequently remove respiratory protection.
F
atal coronary heart events such as sudden death, myocardial infarction, and fatal arrhythmia are responsible for 45% of ϳ100 annual US firefighter deaths while on duty. 1, 2 During fire suppression, which includes knockdown to extinguish the fire or limit its growth, followed by overhaul to prevent reignition of partially burned material, US firefighter deaths from acute cardiovascular events occur at a rate of 10 to 100 times higher than during nonemergency duties. 3 US firefighters have also been reported to experience an increased incidence of unspecified nonfatal CHD events such as chest pain at increased rates during alarm response and fire suppression compared with nonemergency activities. 4, 5 Risk factors for CHD in firefighters may be personal and work related or both. Personal risk factors include hypertension, obesity, increased serum cholesterol and triglyceride levels, and smoking. 6 -10 Potential work-related risk factors include excessive noise levels; physical, heat, and psychological stress; dehydration; extended work shifts; and exposure to chemical asphyxiants, such as carbon monoxide, hydrogen cyanide, and hydrogen sulfide. Any of these factors could precipitate an acute cardiovascular event, particularly in individuals with underlying cardiovascular disease. 11 A role for workplace factors was suggested by an altered circadian distribution of on-duty deaths from CHD compared with the general population, with the highest odds ratio occurring during fire suppression activities. 3 An additional occupational cardiovascular risk factor that is receiving increasing attention is exposure to respirable particles, including those in the ultrafine range (diameters Ͻ0.1 m), which have been suggested to be capable of inducing remote cardiovascular events after respiratory deposition by several mechanisms. 12 Ultrafine particles seem to be the most physiologically and toxicologically active among these particles 13 and have been detected in increased number densities from several industrial processes. 14 -17 Combustion of fossil fuels also results in increased number densities of these particles in urban air and has led to several attempts to correlate these environmental levels with cardiovascular disease. 18 -20 In recent clinical studies, these correlations have been supported by findings of a variety of changes in cardiovascular parameters in healthy volunteers. 20, 21 A recent CHD study examining the effect of ultrafine diesel exhaust particle exposure in construction workers showed analogous adverse effects. 22 In this study, we characterized the number densities and size distributions of particles, including those in the ultrafine range, produced during the combustion of various model residential rooms and structures in a large laboratory setting, to determine the potential for firefighter exposure to these materials.
METHODS

Scenarios
Seven fire tests were conducted in the large-scale fire test laboratory at Underwriters Laboratories. The seven tests represented typical residential building and automobile fire scenarios to which firefighters routinely respond. 23 The six residential building scenarios included a living room, bedroom, kitchen, attic structure, and composite and traditional wood deck structures. The automobile scenario involved a passenger compartment fire. Smoke parti- 
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cles were characterized during fire service response activities as summarized in Table 1 . The smoke particle sampling probe was positioned at a standing face-level of 1.68 m (5 ft 6 in) in all scenarios (Fig. 1) . For the room scenarios (ie, attic, bedroom, kitchen, and living room), the probe was placed in the interior of the room, centered on the right wall. For the passenger compartment fire scenario, the probe was centered above the driver's window.
The attic test structure consisted of a pitched roof attic over a room measuring 3.7 ϫ 4.3 m (12 ϫ 14 ft) in size and 2.4 m (8 ft) in height. The structure had a US standard 32-inch wide interior doorway (0.8 ϫ 2 m) and a 0.9 ϫ 0.6 m (36 ϫ 24 in) size sliding window. The attic was filled with an assortment of typical items such as toys, an artificial Christmas tree, books, clothing, coffee maker, drapes, cable, PVC pipe, infant mattress, newspaper, cardboard boxes, books, and stuffed animals, reflecting its common storage function.
Smoke Particle Measurements
Number density distributions for smoke particles ranging from 0.01 to 10 m in diameter were determined using a Wide Range Particle Spectrometer M1000 ϫ P (MSP Corporation, Shoreview, MN). Potential compromise of instrument function due to clogging of the sampling port or line by water applied to fires during the knockdown phase restricted smoke particle measurements to the overhaul phase for all building scenarios except the attic test structure. The overhaul phase is the most critical in consideration of firefighter particle exposure, however, because respiratory protection is commonly not worn during this period. Particle size and number density distributions were measured every 67 seconds for ϳ30 minutes. Background measurements were completed 90 minutes before conducting the test fires.
RESULTS
The average particle number density, measured in particles per cubic centimeter, and size distribution, measured as the fractions of particles within specific size ranges, is presented in Table  2 , for the overhaul stage of each fire scenario. Particle densities measured during overhaul exceeded the average fire test laboratory background concentration at Underwriters Laboratories by a factor of ϳ2 in the lowest number density scenario (automobile passenger compartment) and 400 in the highest number density scenario (bedroom). Higher particle number densities were observed for the room scenarios (attic, bedroom, kitchen, and living room) than the external decks and automobile, presumably due to containment within an enclosed space. The number density of particles between scenarios would also be expected to be different between scenarios, given the differences in materials involved. Despite differences in furnishings and other items (and their chemical compositions) involved in the fires, the smoke particle size distributions were found to be similar for all seven scenarios with particles Ͻ1 m in diameter comprising Ͼ99% of those measured.
In the attic fire scenario, particles with diameters in the ultrafine range (0.1 m or less) were prevalent throughout the fire growth, knockdown (beginning 9.12 minutes after ignition), and overhaul stage (beginning 13.43 minutes after ignition and continuing until the end of data collection; Figs. 2, 3) .
DISCUSSION
These findings demonstrate that ultrafine particles are generated at high number densities increased relative to background values during the knockdown and overhaul stages of fire suppression. Number densities seemed to differ markedly between our study scenarios, which was to be expected on the basis of distinct types of residential materials and appliances being combusted in different situations (eg, toys and holiday decorations in the attic and couch and television in the living room). However independent of study scenarios, ultrafine particles were the most prevalent type of particulate matter generated. Firefighters are exposed to high levels of ultrafine particles throughout fire suppression, but during the knockdown phase, they are usually protected through use of self-contained breathing apparatus (SCBA). The resultant potential ultrafine exposure during overhaul may account in part for the previously demonstrated increased cardiovascular morbidity and mortality associated with fire suppression activities relative to nonemergency duties. 3 In general population studies, a positive correlation has been established between increased exposure to urban air pollution-related particulate matter (PM10 and PM2.5) and increased cardiovascular morbidity and mortality. 24 -31 The contribution attributable solely to ultrafine particles, however, is not well characterized. 24 -27 The density of ultrafine particles (diameter 0.1 m or less) in urban air ranges from 5 ϫ 10 3 to Ͼ3 ϫ 10 5 particles per cubic centimeter; 18 therefore, the values in the upper part of this range are comparable with those found during fire suppression in this study. In urban situations, ultrafine particles are generated primarily from fossil fuel combustion sources such as coal powered utilities and diesel engines. Their number densities vary with time of day but decrease with distance from the source of generation as agglomeration increases particle diameters. 19 Short-term exposure to ultrafine particles at average levels of 1.2 to1.5 ϫ 10 5 particles per cubic centimeter induced a variety of changes in cardiovascular parameters in healthy volunteers, in recent clinical studies. 20, 21 A recent mortality study examining the effect of occupational particulate exposure, including diesel exhaust in construction workers, showed an increased rate of ischemic heart disease (IHD). 22 The exposure findings in this study are consistent with other studies in terms of the relationship between background and workplace ultrafine particle exposure levels. 14 -17 Overall, previous results suggest a possible association between occupational particulate exposures and IHD mortality as well as nonfatal myocardial infarction, and stronger evidence of associations with heart rate variability and systemic inflammation, which are potential intermediates between occupational PM exposure and IHD. 14 In an industrial setting involving welding, smelting, molding, laser cutting, and fettling (removing excess materials from aluminum molds), ultrafine particle area concentrations ranged from 1.2 ϫ 10 4 to 1.3 ϫ 10 5 particles per cubic centimeter. 15 During the use of electrocautery, lasers and ultrasonic scalpels in health care surgical settings health care worker experienced brief exposure to ultrafine particles in excess of 1.0 ϫ 10 5 particles per cubic centimeter. 17 In our study of combustion of home structural materials, number densities similar to or in excess of these values were generally observed (4.6 ϫ 10 4 to 2.1 ϫ10 6 per cubic centimeter). Our sampling strategy may not be completely representative of particle concentration over a range of standing heights, distances from source locations, or burn durations, however, since the instrument probe was fixed in the center of structure walls at an elevation that represented firefighter standing height.
The mechanisms underlying the observed increased cardiovascular morbidity and mortality in general population studies from exposure to particulate air pollution have not been fully delineated and are the subject of ongoing research. 13 Unique properties of ultrafine particles that may be involved include their reactivity, large surface area to mass ratios, and ability to transport other toxicants to target organs. 22, 32 The large surface area to mass ratio enables the transport of large amounts of adsorbed toxic agents (such as those generated during a fire) to internal targets. 32, 33 Translocation from the airways into the circulation and lymphatics and the resulting potential for cardiovascular toxicity has also been suggested as a component for ultrafine particle toxicity, but this potential mechanism remains controversial. 33, 34 Proposed mechanisms by which inhaled ultrafine particles may induce adverse effects on the cardiovascular system include induction and release of mediators of systemic inflammation and oxidative stress, alteration of autonomic balance (including heart rate variability), and direct effects on the vasculature of particle constituents that have entered the systemic circulation. 12, 35 Physiologic responses reported to exposures containing ultrafine particles at unspecified levels include triggering of myocardial ischemia and infarctions as a result of acute arterial vasoconstriction, 36 endothelial dysfunction, 37 arrhythmias, 38 and procoagulant/thrombotic actions. 39 -41 Long-term intermittent exposure to ultrafine particles with diameter Ͻ0.18 m has also been shown to enhance the chronic genesis of atherosclerosis in mice at a number density of 5.6 ϫ 10 5 per cubic centimeter, comparable with that found in our structural fire scenarios. 42 Therefore, these previous studies in conjunction with our findings support the hypothesis that exposure to high levels of ultrafine particles may represent a potential additional risk for CHD events in firefighters during fire suppression duties.
A variety of recommendations for firefighters and fire departments have arisen from previous analyses of firefighter on-duty CHD morbidity and mortality. These recommendations have focused on medical screening for CHD risk factors, medical management of personnel with known risk factors for the development or exacerbation of CHD, implementation of wellness/fitness pro- grams, and the undertaking of further research activities and risk reduction measures (including personal protective equipment). 43 "Heart presumption" workers' compensation legislation, affording a presumption that CHD in a firefighter is work related, has also been enacted in many states. 44 Ultrafine particles are not observable by the human eye. This may create a false sense of safety that leads firefighters to remove their SCBA protective equipment during overhaul to ameliorate the physical burden and potential heat stress associated with continued usage of SCBA. 45 Recommendations for more consistent usage of respiratory protective equipment during overhaul stemmed from a previous firefighter study showing that levels of exposure to several volatile chemicals, but not respirable or total particles, exceeded published ceiling exposure guidelines during this activity. 45 Changes in spirometric measurements and lung permeability parameters have also been documented in firefighters not wearing respiratory protection during overhaul. 46 Further research is needed to identify appropriate methods of usage and type of respiratory protective equipment required to limit firefighters' workplace exposures to ultrafine particles during overhaul activities, yet that do not create additional burdens such as heat and physical stress. 46, 47 Our findings demonstrate that ultrafine particles are generated at high number densities, increased relative to background values, during the knockdown and overhaul stages of fire suppression and can represent the most prevalent type of particulate matter generated during combustion of common residential materials and products during these stages. The results further emphasize the need for additional research examining whether exposure to ultrafine particles is a coronary event risk factor in firefighters. As a precautionary principle, respiratory protection measures during overhaul should be considered to decrease potential ultrafine particulate exposure of this population. 
ACKNOWLEDGMENT
